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Molecular dynamics simulations of apocytochrome b562
— the highly ordered limit of molten globules
Keith E Laidig and Valerie Daggett
Background: Cytochrome b562 is a heme-containing, four-helix bundle. It has
been proposed that the apo form of the protein is a molten globule. We present
a molecular dynamics study of apocytochrome b562 to investigate its structural
and dynamic properties. 
Results: Our simulations suggest that all four helices are essentially intact and
confirm that the experimental difficulties of assigning helical NOEs in the 
C-terminal helix are not due to structural disorder. The increased ‘moltenness’ of
the apoprotein is due to an increased mobility of the sidechains. The small
observed increase in compressibility for the apoprotein is proposed to be the
result of an increase in the intrinsic protein compressibility, which is opposed by
the increase in the size of the protein hydration shell. 
Conclusions: Apocytochrome b562 is postulated to be near the highly ordered
limit of the molten globule state, a structure whose molten character is due
primarily to increased sidechain mobility with concurrent loss in tertiary contacts
between the helices, rather than changes in the folding topology or substantially
increased disorder of the secondary structure.
Introduction
Cytochrome b562 is a small, soluble protein composed of
106 residues and a b-type heme group (Fig. 1) [1,2]. It is
believed to be involved in electron transfer in Escherichia
coli, but its position and cofactors in the chain of events are
not known. Ferricytochrome b562 has been shown by crys-
tallographic studies to be a four-helix bundle [2,3] with
the helices packed nearly anti-parallel to one another. The
heme is bound to the N- and C-terminal helices through
methionine/histidine ligation and is located at one end of
the bundle. The structural and dynamical properties of
apocytochrome b562 are of interest as it has many of the
characteristics associated with the molten globule state
[4]; it is found under native conditions, the solution struc-
ture has been well characterized by nuclear magnetic reso-
nance (NMR) studies [5,6], and it is a possible folding
intermediate in vivo [5].
After removal of the heme, the resulting protein retains
the majority of the secondary structure of the native
protein [5,7]. Circular dichroism (CD) studies estimate
59% helical character for the apo form, compared to 82%
for the holoprotein, while NMR predicts the helical char-
acter of the apoprotein to be 71% [7]. Size-exclusion chro-
matography suggests that the apoprotein is only slightly
more expanded than the holo form [7]. The smaller heat
capacity change upon unfolding and refolding for the
apoprotein suggests that its hydrophobic core is smaller
than in the holoprotein [7]. The interior of the bundle is
exposed to solvent, there is a general expansion of the
protein and significant internal motion within apocy-
tochrome b562 [6,7].
The backbone nuclear Overhauser effect (NOE) connec-
tivities indicate that a great deal of the original secondary
structure is retained [5,6]. In fact, while diminished rela-
tive to the holoprotein, the number of both intrahelical
and interhelical NOEs is very large in comparison to other
partially unfolded states [8,9], indicating that the apopro-
tein is highly structured in solution. The first three
helices, 1, 2, and 3, are clearly resolved, but assignment
of the signals within helix 4 is complicated by extensive
degeneracies and overlap with solvent signals. Nonethe-
less, the helical character of all four regions is supported
experimentally by the small magnitude of the 3JNH cou-
pling constants and intense mainchain NOEs [5]. Amide
hydrogen exchange is slow in the second, third, and fourth
helices, suggesting that these secondary structures are rea-
sonably stable [5]. A number of NOEs were measured
between the first and second as well as the second and
third helices, implying that a significant fraction of the ter-
tiary structure is retained in the apoprotein. The same
study found the chemical shifts of the aliphatic sidechain
hydrogens of apocytochrome b562 clustered more closely to
the associated values in unstructured proteins than is
usually seen in stable globular proteins. But the amide
nitrogen hydrogen spectra were well resolved, showing
typical dispersion for a protein of this size. In addition, the
aromatic rings of phenylalanine and tyrosine, which were
packed against the heme in holocytochrome b652, had
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completely averaged ortho and meta hydrogens signaling
free rotation of the rings within the interior. 
Feng and co-workers [6] have constructed a model for the
solution structure based upon the NMR data. The anti-
parallel arrangement of helices in the resulting structure is
quite similar to that of the holoprotein for helices 1–3
(Fig. 1). Given the problems in resolving the signals of 4,
secondary structure in the fourth helix is presented as dis-
torted at the C terminus. The helices of the solution struc-
ture are essentially anti-parallel in contrast to the 20°
packing angle in the crystal structure, but due to the
paucity of interhelical NOEs, the precise packing of the
helices is not known. Nevertheless, the degree of packing
of the helices is poor in comparison to the holoprotein.
While much of the heme-binding pocket is preserved in
the apo form, it is exposed to solvent, as are the residues
that ligate the heme, Met7 and His102.
A study of the compressibility of the holo and apoproteins
has also been performed by Nölting and Sligar [10]. The
authors found the two proteins have similar adiabatic com-
pressibilities, exhibiting a much smaller difference than
would typically be found between native and unfolded
globular proteins. The authors concluded that “...[the]
enhanced sidechain mobility and lower structural order [of
the apoprotein] does not lead to significant change in com-
pressibility [in comparison to the holoprotein].” Further
comparisons of the volume fluctuations of the holo and
apoprotein found the systems to behave similarly, result-
ing in the conclusions that the apoprotein was “highly
deformable but not very compressible” and “the
moltenness of [apocytochrome b562] is not connected with
a large overall ‘softening’ of the molecule.”
Simulation studies provide another avenue for exploring
the effects of heme removal on the structural and
dynamic behavior of proteins [11–13]. Here we use this
approach to study the consequences of heme removal
from cytochrome b562. We attempt to reconcile the seem-
ingly conflicting interpretations of various experiments by
providing a dynamic, atomic-level model for the apopro-
tein. Our simulations demonstrate that a structural model
in which all four helices are mostly intact is consistent
with the experimental evidence available. As hypothe-
sized by Feng et al. [5], it is shown that the difficulties in
assignment of helical NOEs in 4 are not due to structural
disorder and that this helix is intact in the apoprotein.
The increased ‘moltenness’ is linked to an increased
mobility of the sidechains. The small observed increase
in compressibility for the protein is proposed to be the
result of contributions from the increased compressibility
of the apoprotein and opposing contributions from the
increased mobility of the interior sidechains and the
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Figure 1
Cytochrome b562 structure. (a) The crystal
structure (PDB code 256b) [1,2] and 
(b) the NMR-derived solution structure for 
the apoprotein (PDB code 1apc) [6]. 
The residues comprising each helix of the
crystal structure are given in parentheses.
(a) Crystal structure (b) NMR structure
(56–80)
α3
(3–18)
α1
(23–40)
α2
(83–103)
α4
increase in the size of the protein hydration shell. We
propose that apocytochrome b562 is near the limit of the
range of ‘highly ordered molten globules’, a structure
whose molten character is due primarily to the increased
sidechain mobility and the concurrent loss of tertiary con-
tacts between the helices, rather than an increased disor-
der of the mainchain or substantial changes of secondary
structure.
Results and discussion
Secondary structure
The comparison of the simulated apocytochrome b562
(apo-b562) with the experimental observations of the
folding intermediate begins with the overall percent
helical content. CD experiments estimate the helical
content to be 82% and 59% for ferricytochrome b562 and
apocytochrome b562, respectively [7], NMR experiments
suggest that the helical content of the apoprotein is 71%
[7], and the crystal structure of the holoprotein is 77%
helical. Applying the structural definition of helical
content described by Daggett et al. [14], the crystal struc-
ture was also found to have 77% helical content. The sim-
ulation of holocytochrome b562 (holo-b562) predicted a
helical content of 75%, while that of apo-b562 was 70%.
These results are in agreement with the experimental
values determined by NMR, which like our definition of
helix content place emphasis on local structure (see Lee
and Cao [15] for further discussion of discrepancies
between secondary structure contents using CD and
NMR). The helical residues in apo-b562 were 1 (3–19), 2
(23–40), 3 (56–81), and 4 (84–105).
The pattern of backbone and -proton NOE connectivi-
ties determined by NMR experiments is concisely pre-
sented by Feng et al. (Fig. 3 of [5]). The simulated
structure can be used to predict NOE patterns by moni-
toring the distance between any two hydrogen atoms
within the representative ensemble of structures. If the
average weighted interatomic distance, R = 〈r –6〉–1/6, is less
than 5 Å, one would predict that an NOE interaction
could be measured between the two atoms. Using this
approach, the predicted NOE connectivity pattern of apo-
b562 was found to be in overall agreement with the
observed pattern (data not presented). However, the sim-
ulation overpredicts the extent of backbone interactions
throughout the unstructured loop region and in the turns.
The average weighted interatomic distances of many of
the NOEs identified as ‘ambiguous’ by experiment were
within the 5 Å cutoff in the simulated structure, particu-
larly within 4. As mentioned above, interpretation of the
experimental NOE pattern in 4 was complicated by
degenerate and overlapping signals, making assignment of
the secondary structure of this region from the NOE
pattern difficult. Our simulation suggests that the helical
structure in 4 is well defined and that the NOE back-
bone signals for residues 83–103 should exist.
The helical secondary structure of 4 is also supported by
the small magnitude of the observed 3JNH coupling con-
stants within that range of residues [5], which can be
related to the torsion angle  via the Karplus equation (see
[16]). The  angles of many of the residues of the solution
structure were assigned a typical helical value based upon
the small associated 3JNH coupling constants (AJ Wand,
personal communication). Comparison of the average 
values from the simulation with the range of  values pre-
dicted from small 3JNH coupling constants taken from
Wüthrich [16] (–60° ± 10°) shows agreement within each
of the four helical regions, including 4 (Fig. 2).
The deviation in C hydrogen chemical shift, as described
by Wishart et al. [17], was used as another probe of the sec-
ondary structure. The observed values were compared
against a tabulated range. Those values falling upfield of
the range are characteristic of helical structure and indi-
cated by a bar below the horizontal line, while those
values found downfield of the range are characteristic of
-structure and indicated by a bar above the line (Fig. 3).
A grouping of three or more bars in the same direction,
uninterrupted by a bar of the opposite direction, consti-
tutes a region of coherent secondary structure, with groups
below the bar predicting helices, those above the bar pre-
dicting -strands, and the rest predicted to be random coil.
The secondary structure predicted using the experimen-
tally measured chemical shifts agrees with that found in
the simulation of apo-b562 (Fig. 3).
Tertiary structure 
The orientation between the helices in the NMR-derived
model was determined by NOE signals between residues
within the different helices. As with the backbone connec-
tivities, the interhelical NOEs were predicted from indi-
vidual and ensembles of structures by monitoring the
interatomic distance between particular atoms. Table 1
lists the six interhelical NOEs reported previously (Ala29
to Asn13, Val16, and Ile17 and Phe65 to Ala37, Ala40, and
Gln41 [5]) and whether or not the interatomic distances
between the appropriate hydrogens on the sidechains
were less than 5 Å for apo-b562, the average NMR-derived
structure [6], and each of the 28 low-penalty NMR-
derived solution structures (AJ Wand, personal communi-
cation). The apo-b562 structure fares as well as many of the
NMR structures on these six interhelical NOEs, placing it
inside the experimental envelope of structures. For the
missing NOEs in apo-b562, the average distances were
6.2 Å and 7.0 Å for 65–40 and 65–41, respectively. We
have also obtained the full set of interhelical NOEs identi-
fied (AJ Wand, personal communication) and performed a
similar comparison. Again, apo-b562 performed as well as
any of the individual NMR-derived structures, predicting
roughly 75% of the full set of NOEs. A superposition of
apo-b562 and five representative NMR-derived structures
(Fig. 4) depicts what the comparison of the NOEs con-
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cludes, namely that apo-b562 is within the spread of the
experimental structures.
The NMR experiments found dynamic averaging of the
phenylalanine and tyrosine sidechains, residues that are
packed against the heme in the crystal structure, in apocy-
tochrome b562, indicating an increase in mobility within
the core of the protein. Monitoring the change in average
fluctuation of the sidechain torsion angles for the residues
Phe61, Phe65, Tyr101, and Tyr105 between holo-b562 and
apo-b562 provides a prediction of the change in sidechain
mobility. The average fluctuations of 1, 2, and 3 for
these four residues increase on going from holo-b562 to apo-
b562. The average fluctuations in 2 and 3 for all holo-b562
and apo-b562 residues are shown in Figure 5a. There is an
increase in the average fluctuation of 2 and 3 for apo-b562
throughout the protein. The increase in 〈3〉 is greater
than for 〈2〉, showing a greater mobility further away
from the mainchain. The fluctuations of apo-b562 are much
larger than other native proteins simulated at 298 K. In the
case of ubiquitin, fluctuations of 2 for native structures
were in the range of 15–25° at 298 K, and values above 45°
were not found until non-native states were reached at
335 K [18]. Similarly, simulations of bovine pancreatic
trypsin inhibitor (BPTI) did not show such large fluctua-
tions in sidechain torsion angles until the temperature was
elevated [19]. The average sidechain fluctuations in BPTI
were 25° at 298 K, 38° at 348 K, and 44° at 498 K. There-
fore, the sidechains in apo-b562 are much more mobile than
these similarly sized proteins at room temperature and
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Figure 2
Comparison of the average  values from
apo-b562 () with the range of  values
predicted using the Karplus relation from the
small observed 3JNH coupling constants
(vertical bars). Those residues whose
coupling constants were consistent with
helical structure are shown as vertical bars,
centered at the  value of –60° with a range
of ± 10°. (This center and range were taken
from Figure 9.2 of Wüthrich [16].)
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structure
Predicted secondary structure using the C hydrogen chemical shift
index (shown using the horizontal line and the vertical bars) in
comparison to the helical regions found within apo-b562 (depicted by
the schematic helices). A grouping of three or more bars in the same
direction, uninterrupted by a bar of the opposite direction, constitute a
region of coherent secondary structure. Groups found below the bar
predict helices, those groups above the bar predict -strands, and the
rest is predicted to be random coil.
instead approach the values seen in non-native states at
higher temperatures. This agrees with the NMR observa-
tions [5], which found that the chemical shifts of the
aliphatic sidechains of the apoprotein clustered more
closely to the associated values in unstructured proteins
than is usually seen in stable globular proteins.
The increased mobility of the sidechains can also be
monitored via the order parameter for 2 and 3, as
described by Hyberts et al. [20]. The 2 and 3 order para-
meters are quite sensitive to increasing fluctuation in the
torsion angle, being defined as O(n) = 1 – 1/2〈n〉2. The
larger the drop from a value of 1, the larger the deviation
of the value of n from the mean value (Fig. 5b). For
example, a value of 0.90 corresponds to an average fluctu-
ation in n of 26°, a value of 0.75 to a fluctuation of 40°,
and a value of 0.50 to a fluctuation of 57°. The order para-
meters show greater variation in 2 and 3 for apo-b562 in
comparison to holo-b562 with the largest variation in 1.
The greater mobility within this helix is in agreement
with hydrogen exchange studies [5], which found that
helix to be less stable than the other three. The order
parameter associated with 〈3〉 for apo-b562 was much
lower than that for holo-b562, with many values less than
0.6, i.e. 〈3〉 > 45°.
The change in accessible surface area between the
average NMR structure and the crystal structure was esti-
mated to be 25% [6]. This small change was consistent
with the observed low change in heat capacity upon
unfolding between these two proteins. The accessible
surface area of apo-b562 was calculated to be 16% greater
than that of the crystal structure (7354 ± 135 Å2 and 6316
Å2, respectively, with that of holo-b562 being 6627 ± 90 Å2).
The experimental estimate is possibly exaggerated
because 4 is modeled as extended in the NMR structure
with an associated increase in surface area in that region.
On a per-residue basis the increase in accessible surface
area is nearly uniform throughout the protein (Fig. 6).
Decomposing the change in accessible surface area using
Research Paper Molecular dynamics simulations of apocytochrome b562 Laidig and Daggett    339
Table 1
Predictions of observed interhelical NOEs by apo-b562, the average NMR-derived structure, and the individual NMR structures.
Residues apo- Average 1    2 3 4    5    6    7 8 9 10  11 12  13 14 15 16  17 18 19  20  21 22 23  24 25  26  27  28
b562 NMR
29–13                                                                                    
29–16                                                                                    
29–17                                                                                                                
65–37                                                                                                                     
65–40                                                                                                 
65–41                                                                                                            
 4 6 6    3    5 6 3 5 3 6 6 2    4    5 5 5 4 4 4    5 4 4 4 4 6 4 5 6 6 5
The table shows whether or not the interatomic distances between the
appropriate hydrogens on the sidechains were less than 5 Å for apo-
b562, the average NMR-derived structure [6], and each of the 28 low-
penalty NMR-derived solution structures (AJ Wand, personal
communication).
Figure 4
(a) A superposition of five randomly chosen NMR-derived solution
structures (light gray) and the structure of apo-b562 (dark gray). The C
RMSD between apo-b562 and the average NMR structure is 2.0 Å for
the residues that are well defined by experiment (residues 4–20,
23–40, 59–80 and 84–92, which is the match set used by Feng et al.
[6] for comparison of individual structures to the average). The
placement of 1 is slightly different in the two models and exclusion of
these residues yields a RMSD of 1.6 Å, but we note that the RMSD of
1 alone is 0.8 Å. (b) The spread of the various NMR structures in 4 is
highlighted.
the NACCESS algorithm [21] showed that over 68% of
the increased surface area attributed to the sidechains is
gained by the nonpolar groups.
The observed increase in apparent molecular weight of
apocytochrome b562 in size-exclusion chromatography
experiments has been attributed to either an increase in
the asymmetry of the four-helix bundle or an overall
expansion of the molecule [7]. The detailed and continu-
ous molecular structure provided by the all-atom simula-
tion allows for a test of these two suppositions. The overall
molecular size can be monitored using the radius of gyra-
tion while the increase in asymmetry would be predicted
by the largest spanning radius. The radius of gyration
changes by only 1% during the entire unfolding simula-
tion. Given the cylindrical nature of the protein, the rela-
tionship between protein size or shape and the radius of
gyration, which assumes the molecule is well approxi-
mated by a sphere, is not clear. The average value of the
largest spanning molecular radius increases by 5% with
the largest distance being from the turn between the C
terminus of 1 and the N terminus of 2 and the residues
of the loop between 2 and 3. This suggests a small
increase along the helix axis, but visual inspection during
the simulation shows that this is primarily due to the free
motion of the loop region.
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Figure 5
(a) The fluctuations of 2 and 3 per residue
for holo-b562 and apo-b562. (b) The
corresponding order parameters for 2 and
3. The holo-b562 values are depicted by the
open symbols and those for apo-b562 are
solid, with squares for 〈2〉 and circles for〈3〉. The dashed line in (a) marks the
estimated upper limit for χ2 and χ3 in native
proteins and the dashed line in (b) denotes
the corresponding value of the order
parameter.
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Given the ambiguity of these structural probes for mole-
cules that are not well approximated by a sphere, a
method based upon the principle moments of inertia was
applied. The inertia tensor, I, relates the angular velocity
of a rigid body to its angular momentum via the displace-
ment of each atom from the molecular center of mass
scaled by the atomic mass [22], where Ixx = mi(r2i – x2i ), Ixy =
– mi(xi yi), etc. Diagonalization of the inertia tensor yields
the orthogonal principle moments of inertia, which may
be used to characterize the distribution of the atoms
about the center of mass. The principle moments of
inertia for the C atoms of the protein were used to
simultaneously monitor the changes in distribution of
atoms along and perpendicular to the main axis of the
helices. The overall character of the molecular change is
shown by plotting the principle moment of inertia associ-
ated with one of the minor axes as a function of time after
the quench (Fig. 7). The raw data of the full nanosecond
of simulation for both apoprotein and holoprotein are
given to show the fluctuation in the property, with
smoothed lines showing the trends. In our experience,
500 ps is required for equilibration and this is the case
here, with the last 500 ps showing the average value of
the moment. The increase in magnitude of this moment
in comparison to the corresponding moment in holo-b562
signals an overall expansion along the minor axis, a
widening of the ‘cylindrical’ character of the protein. The
simulation suggests that the increase in apparent molecu-
lar weight is the result of a quadrupolar expansion of the
four-helix bundle away from the major axis of the mole-
cule and that there is no appreciable expansion along the
molecular axis.
This expansion was confirmed by monitoring the average
distances between the C carbons at both ends of each of
the helices over the last 100 ps of the 298 K quench of
apo-b562. The distance between the C of Glu18 and
Asp83 increased from 12.9 Å in the crystal structure to an
average value of 17.3 (± 0.5) Å. Similarly, both the dis-
tances between Ala40 and Pro56 and between Pro56 and
Gln103 increased from 15.1 Å and 13.9 Å in the crystal
structure to 20.4 (± 0.4) Å and 17.0 (± 0.4) Å in apo-b562,
respectively. These increases are accompanied by a
decrease in the distance between Leu3 and Gln103 from
16.0 Å to 13.8 (± 0.6) Å, while the rest of the interhelical
distances remained nearly constant. These distances show
a swinging of the C-terminal end of 2 from the N termi-
nus of 3. The C terminus of 4 moves away from the N
terminus of 3 and towards the N terminus of 1. And the
C terminus of 1 swings away from the N terminus of 4.
This corresponds to the expansion of the molecule away
from its major axis as suggested by the change in moment
of inertia.
The intrinsic compressibility of ferricytochrome b562 and
apocytochrome b562 were found to differ by only a small
amount in comparison to the range of compressibility for
globular proteins [10]. This was interpreted as suggesting
that the ‘moltenness’ of the apoprotein does not corre-
spond to a softening of the molecule. The isothermal bulk
compressibility, t, is related to the protein volume, V, and
volume fluctuations, 〈dV2〉, via the expression 〈dV2〉 =
kBTVt, where kB is Boltzmann’s constant and T is the
absolute temperature. The authors reported the related
ratio 〈dV2〉 / V2 for ferricytochrome b562 as being between
3.0 × 10–5 and 6.0 × 10–5. Using the average volume and its
fluctuation for the simulated ensembles, this ratio can be
predicted for both apo-b562 and holo-b562. The volume used
in the calculation was enclosed by the molecular surface
[23], as determined using the GEPOL algorithm [24]. The
predicted value of 〈dV2〉 / V2 for holo-b562 was 3.3 × 10–5.
When used to back-calculate the compressibility of the
holo-b562 in the simulation, this ratio yielded an intrinsic
compressibility of 9.0 × 10–11 Pa–1, in comparison to the
experimental value of 7.3 × 10–11 Pa–1.
The intrinsic compressibility of apocytochrome b562 was
estimated to be no more than 4.3 × 10–11 Pa–1 greater than
for the holoprotein, based upon the estimated values for
the contributions of hydration and the relaxation assuming
the disrupted NMR-derived structure [6]. Our simulations
predict the ratio 〈dV2〉 / V2 for apo-b562 to be 1.1 × 10–4,
roughly three times greater than holo-b562. This would
predict an intrinsic compressibility for apo-b562 that is
much greater than that expected for the apoprotein. But as
discussed by Nölting and Sligar [10], the similar observed
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Figure 6
The difference in accessible surface area per residue between apo-
b562 and the crystal structure, where a positive value indicates that the
accessible surface area of apo-b562 is greater.
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compressibilities could also be due to a significant
increase in the intrinsic compressibility and a large change
in the hydration shell, which contribute to the overall
compressibility in opposing directions. This would require
an increase in the mobility of interior sidechains and an
increase in the size of the hydration shell. 
Nölting and Sligar [10] assumed that the increase in appar-
ent molecular weight was due to an isotropic expansion of
the apoprotein. This yielded only a small increase in
protein surface area (+2%), a similarly proportioned
increase in the size of the hydration shell, and resulted in a
small contribution to the compressibility. As the observed
overall compressibility change was small, this led them to
conclude that the change in intrinsic molecular compress-
ibility between the holoprotein and apoprotein was also
small. As shown above, the molecular expansion is not
isotropic and the increase in accessible surface area
between apo-b562 and holo-b562 was 11% (25% between the
crystal structure and the NMR structure). This implies
that there would be a negative contribution to the com-
pressibility from the increase in molecular surface area. In
order to observe a small overall increase, there must be a
large positive increase in the intrinsic molecular compress-
ibility. Given the largely intact secondary structure found
for apo-b562, the increase in the mobility of sidechains, the
increase in the accessible surface area, and the success of
simulations in predicting the compressibility of holocy-
tochrome b562, we propose that this explanation is more
likely than that favored by Nölting and Sligar [10].
A final comparison of tertiary structure can be made using
residue–residue contact maps. Figure 8 shows the contact
maps for the crystal structure, the NMR model of the
solution structure, and apo-b562. Here the maps display
those residue–residue distances ≤ 4.5 Å [25]. Many of the
interactions between the different helices are formed for
as little as 25% of the time of the simulation for apo-b562.
All of the contact map patterns are similar, but when the
sidechain–sidechain interactions are plotted according to
the extent of time that they are in contact (indicated by
the intensity of the shading), the dynamic nature of apo-
b562 is evident. The primary difference between the crys-
talline structure of ferricytochrome b562 and the
NMR-derived structure of apocytochrome b562 is loss of
contacts in the latter between the residues of 4 and the
other helices within the protein. The interactions between
1 and 2, 2 and 3, and 1 and 3 remain largely intact,
but there is a loss in native interhelical contacts between
all of the helices in apo-b562 in comparison to the crystal
structure. This is depicted graphically in Figure 9 and is
shown in an animation available as Supplementary mater-
ial (published with this paper on the internet), in which
the difference in sidechain packing, shape, and increased
fluctuations of 1 and 4 between holo-b562 and apo-b562 are
evident. Comparison of the solution structure and apo-b562
shows a similarity in all characteristics, excepting those
interactions between 4 and other helices.
Conclusions
The simulated structure of apo-b562 reproduces essentially
all of the experimental data presented for the solution
structure of apocytochrome b562, representing both struc-
tural and dynamical characteristics. This model, generated
from molecular dynamics simulation, provides a comple-
mentary tool for interpretation of experimental results,
yielding atomic-level chemical detail not possible from
solution experiments alone. 
The primary apparent discrepancy is between the struc-
tural picture provided by the simulation and the model of
the solution structure presented by Feng et al. [6]. The
regions of the model that were “not well defined” by the
available NOE data have the potential to suggest intrinsic
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Figure 7
One of the minor moments of inertia of the C
atoms of the apoprotein, orthogonal to the
long axis of the molecule, as a function of time
after the 298 K quench. The corresponding
moment of holo-b562 is also shown. The light
lines show the fluctuation of the raw data and
the darker smoothed lines show the trends of
the data. The first 500 ps of each run is taken
as the equilibration period for both
simulations.
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disorder of 4. Though the authors describe the manner in
which the structure was obtained and the associated
assumptions, we fear that these caveats might not be
strong enough to overcome this natural, but incorrect,
interpretation of the experimental results. Indeed, a
recent review [26] ascribed the moltenness of apocy-
tochrome b562 to the apparent disruption of 4, a result
which is not supported by the data [5,6].
A number of results predicted by apo-b562 suggest that 4
is intact and that the ‘moltenness’ of the apoprotein is due
to a more complicated interplay between relatively rigid
helices and sidechains (vide supra). The contact map for
apo-b562 shows some loss of interactions between the
helices. The fluctuations of the sidechains are much larger
than those within similarly sized, native proteins. These
findings are in agreement with the NMR observations [5],
which found that the chemical shifts of the aliphatic
sidechains of the apoprotein clustered more closely to the
associated values in unstructured proteins than is usually
seen in stable globular proteins. There is no appreciable
expansion along the molecular axis, while there is an
expansion of the molecule away from the molecular axis in
the folding intermediate.
The molten globule characteristics of apocytochrome b562
cannot be ascribed only to the loss of secondary and ter-
tiary structure, but must include dynamic differences
compared to the holoprotein. The greatest dynamic
change between holo-b562 and apo-b562 is the increased
sidechain mobility in the latter (Figs 5,9). This provides
an excellent system for comparison of the Shakhnovich
and Finkelstein [27] ‘all-or-none’ model of cooperative
transition with the ‘nuts-and-bolts’ model of Bromberg
and Dill [28]. Unfolding in the all-or-none model has the
protein remaining tightly packed, with the sidechains
closely associated, until a free-energy barrier is reached.
After that point, the sidechains undergo a sudden gain in
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(a) Crystal structure (b) NMR structure (c) apo-b562
The sidechain–sidechain contact maps for (a) the crystal structure, (b)
the NMR-derived solution structure, and (c) apo-b562. The secondary
structural elements are depicted in the contact map of (a). Those
dynamic contacts in apo-b562 are indicated by the intensity of the
shading.
rotational freedom while the mainchain retains a native-
like conformation. This ‘all-or-nothing’ transition requires
that a 25% increase in volume takes place before the free-
energy barrier can be met. In the ‘nuts-and-bolts’ model,
unfolding is continuous with sidechains initially gaining
rotational freedom with relatively little change in the
packing of the protein. A small volume expansion from
the tightly packed native state leads to a rapid increase in
the sidechain mobility. In the case of apo-b562, there is
only an 8% increase in volume from holo-b562 while there is
a considerable increase in sidechain mobility. That 〈3〉
displays a greater increase between holo-b562 and apo-b562
than does 〈2〉 suggests that the sidechain mobility
decreases moving away from the ends of the sidechains in
towards the mainchain, in accord with the predicted
mechanism of increased sidechain mobility of the nuts-
and-bolts model. 
Apocytochrome b562 essentially defines a limiting case of
the ‘native-like molten globule state’ [4]. If this state is to
be considered a molten globule, the moltenness of the
‘highly ordered’ structure is a result of increased sidechain
mobility and the resulting loss of some tertiary contacts
between the helices, without significant loss or changes in
secondary structure. This represents an early point along
the transition from native to unfolded protein and is the
result of a small volume expansion and a rapid increase in
sidechain mobility, as described by the nuts-and-bolts
model. In fact, the nuts-and-bolts unfolding behavior
itself is of interest because many molten globules follow
all-or-none unfolding pathways [26]. In addition,
cytochrome b562 appears to be well designed to ensure
that productive protein results in the presence of heme by
virtue of the stable but more mobile apo form and the
high solvent accessibility of the ligating residues (Met7
and His102), which point out to interact with incoming
heme. These observations make apocytochrome b562 an
appealing target for studies of the limits of the molten
globule state and of important factors in protein design.
Materials and methods
The molecular dynamics methods as implemented within ENCAD [29]
protocols [30] and potential functions [31–33] are described in detail
elsewhere. The starting structure for the simulations of holocytochrome
b562 (holo-b562) and apocytochrome b562 (apo-b562) structures was
molecule A of the X-ray structure of ferricytochrome b562, with and
without the heme group, respectively. Water molecules were added
around the protein to fill a rectangular box with the walls at least 8 Å
away from any individual protein atom. The density of the solvent was
set to the experimental value for the temperature of interest (0.997 and
0.951 g ml–1 at 298 K and 348 K, respectively [34]) by adjusting the
volume of the box. Periodic boundary conditions were used and since
solvent molecules were explicitly present, no macroscopic dielectric
constant was needed. A nonbonding cutoff of 8 Å was used through-
out and the nonbonded list was updated every five steps. The total
energy of the system remained constant to within 0.3% during the sim-
ulations. A 2 fs (1 fs = 10–15 second) time step was used.
The two ensembles of structures used to represent holo-b562 and apo-
b562 were produced as follows. Holo-b562 was run at 298 K, in a box
containing 3111 water molecules, for 1000 ps. During the simulation
the root mean square deviation (RMSD) of the C positions relative to
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Figure 9
The dynamic behavior and packing of the four
helices in (a) holo-b562 and (b) apo-b562.
Representative snapshots are shown of the
sidechains of the helices throughout the
simulations superimposed upon the backbone
of just one snapshot. Note the tighter packing
and dampened motion of the sidechains in the
holoprotein in comparison to the apoprotein,
resulting in some sidechains of the latter
appearing not to be connected to the
representative backbone. This graphically
depicts the increased fluctuations of 2 and
3 seen in Fig. 5a,b. This expansion of the
molecule via interior and increased sidechain
motion is the origin of the ‘moltenness’ of
apocytochrome b562.
those of the starting crystal structure increased to 2.0 Å within 400 ps
and then increased slowly through 800 ps to 2.5 Å. The average
RMSD (C) per residue over the time period showed the largest devia-
tions from the crystal structure in the loops and turns between helices
(19–21, 41–56, and 82–84) and at the ends of 1 and 4. The devia-
tions in the helical regions were due to the slight swinging of the
helices relative to one another. The representative ensemble was
chosen to be a 200 ps average from the RMSD (C) plateau of 2.5 Å,
800–1000 ps. 
Apo-b562 was run for 1.8 ns at 348 K in a box with 3565 water mole-
cules. The structure of apo-b562 deviated from the crystal structure at
348 K until 800 ps, where the RMSD (C) had reached 2.4 Å. From
that point on, the RMSD (C) increased more slowly, reaching 2.7 Å at
1800 ps. The thermal quench was performed using a snapshot taken
at 1100 ps. A coordinate set was taken, resolvated within a new box of
water at 298 K (containing 3759 water molecules), and prepared for
simulation as described above. The thermally quenched system was
then simulated for 1000 ps at 298 K and the representative ensemble
was chosen to be a 200 ps time period from the quenched run,
800–1000 ps. After the quench to 298 K, the RMSD (C) slowly
decreased to 2.5 Å after 500 ps and then remained steady for the next
500 ps. We chose to use slightly elevated temperatures to reach the
folding intermediate in order to overcome any kinetic barriers present.
This was a concern as previous investigations of the complete unfold-
ing of apocytochrome b562 at a number of temperatures (B Sandoval,
V Daggett, unpublished data) found the four-helix bundle to be very
stable up to temperatures as high as 473 K. Figures 1, 3, 4, and 8
were generated using MolScript [35] and Figure 9 was made using
MidasPlus [36].
Supplementary material available
A movie is published with this paper on the internet. The animation pre-
sents snapshots of both the holoprotein and the apoprotein taken at
1 ps intervals over a 50 ps time period. The animation was made using
the procedures outlined within web pages of the Graphics Visualization
Laboratory (GVL) at the University of Minnesota Supercomputer
Center http://www.arc.umn.edu/GVL/Software/mpeg.html. The image
files were created by MidasPlus [36] using ‘neon’ renderings of each of
the snapshots from the simulation. Each image was then split into Y, U,
and V format using the appropriate tools within the ‘netpbm’ program
suite and all were encoded into MPEG format using the MPEG
encoder ‘mpeg’; both software tools, plus a convenient automated
script for MPEG animation construction, are available through the GVL
page.
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